The Kiyokawa-dashi (strong local wind) was observed with a coherent Doppler lidar at the exit of the Mogami Valley, in Kiyokawa (38.80 N, 140.01 E, 20 m MSL) . When the Kiyokawa-dashi blew, the synoptic patterns tended to be high-pressure in the east and low-pressure in the west. After the Kiyokawa-dashi was extracted, the data measured by the coherent Doppler lidar with a high spatial and temporal resolution were then utilized to investigate it. On the basis of the range height indicator and Plane position indicator scans, the coherent Doppler lidar was able to detect the three-dimensional dynamical structure of the Kiyokawa-dashi up to 8-10 km downstream from the Kiyokawa observation site. The coherent Doppler lidar clearly showed that a low-level critical layer (horizontal wind speed A 0 m s À1 ) existed at altitudes of 0.5-1.2 km, and that a strong easterly/southeasterly wind confined below the critical layer blows away about 10-km downstream of the Mogami Valley. Intensive upward/downward vertical motion under the critical layer was indicated by the velocity-azimuth display scan. The line-of-sight wind speeds obtained by high-frequency plane position indicator scans were high, not only near the exit of the Mogami Valley but also over the entire Shonai plain, and the distributions of the line-of-sight wind speeds were almost steady, indicating the existence of transient disturbances.
Introduction
Understanding the evolution and structure of orographically induced local winds is very important in mitigating regional disasters. However, the measurement of upper atmospheric flow is particularly difficult. Doppler lidar can be designed as compact mobile, airborne, and ship-borne systems, so it is useful for monitoring local meteorology. In recent years, scanning coherent Doppler lidar has become one of the most useful technologies for measuring line-ofsight (LOS) wind speed from the aerosol backscatter signal over a given area or volume of the atmosphere (e.g., Grund et al. 2001; Weissman et al. 2004) . Coherent Doppler lidar uses aerosol particles as its atmospheric scattering target. Aerosol particles have negligible falling speeds within the context of atmospheric flow and are excellent tracers of atmospheric motion. Coherent Doppler lidar measures LOS wind speed by observing the Doppler-shift of a laser beam backscattered by moving aerosol particles and has been used to measure detailed structures of atmospheric flow. Individual azimuth or elevation scans, at spatial resolutions of less than several tens of meters along the laser beam, measure two-dimensional areas within the atmosphere. A two-dimensional scan may make it possible to measure three-dimensional volumes of wind speed.
The Kiyokawa-dashi is one of the best-known local winds occurring over the Shonai plain in Yamagata, Japan. It is a strong easterly wind that sometimes occurs with low temperature and at other times occurs with high temperature and low humidity, and it lasts from a day to about a week. The Kiyokawa-dashi often causes severe wind damage to crops in limited areas. Many studies have documented the various evolution mechanics of the Kiyokawadashi, such as acceleration of down-stream flow (Takehana 1950) , gap wind (Arakawa 1969) , and deformation of the atmospheric flow passing over the Gassan and Asahi Ranges (Takeuchi 1986 ). Hara (2002) first carried out a numerical experiment on the Kiyokawa-dashi by using the Meso-scale Meteorological Phenomena Modeling System (Sha et al. 1996) . According to his results, the Kiyokawa-dashi was enhanced when critical or stable layers exist, and the existence of the critical layer strengthened it more effectively. The Kiyokawa-dashi did not result in the acceleration of flow inside the Mogami valley. Hara (2002) reported that meso-scale convergence and divergence are more important for the strong Kiyokawa-dashi than those of local-scale arising inside the Mogami valley. His study suggests that the evolution mechanics of the Kiyokawa-dashi is similar to that of the gap wind. However, since only minimal data from ground-based metrological studies and from short-term pilot balloon observations have been available (Sasaki et al. 2004) , spatial information about the Kiyokawa-dashi has been limited. Thus, observational studies of the atmospheric flow would significantly improve our understanding of the structure of the Kiyokawa-dashi. The main objective of this study was to investigate the wind profiles of the Kiyokawa-dashi to understand its three-dimensional structure and dy-namics. Meteorological elements measured by one meteorological observatory, two weather stations, and four automatic weather stations were used to quantitatively extract the Kiyokawa-dashi. A time-series of vertical and horizontal cross sections of the Kiyokawa-dashi were observed using a 2-mm eye-safe coherent Doppler lidar (hereafter, CDL). The data obtained by the CDL and the ground-based measurements will be used to improve the Numerical Prediction Division Unified Nonhydrostatic Model of the Meteorological Research Institute (the numerical simulation of NHM). The descriptions of both the CDL and the groundbased measurements are presented in Section 2. The synoptic patterns are described in Section 3. The results from the ground-based measurements and the CDL are presented and discussed in Section 4. In Part II, a numerical simulation of NHM will be described and compared with the CDL observations. The threedimensional structure and dynamics of the Kiyokawa-dashi will also be presented there. The CDL consists of a 2-mm laser transmitterreceiver unit, a scanning device, and electric devices and can be operated in various scanning modes or at constant azimuth (AZ) and elevation (EL) angles (Table 1) . The CDL uses a diode-laser-pumped, single-longitudinal-mode Q-switched Tm : YAG pulse laser that operates at a wavelength of 2.0125 mm and a pulse repetition frequency of 100 Hz (Ishii et al. 2005) . The laser pulse is transmitted into the atmosphere through the telescope and the scanning device. The laser pulse is backscattered and Doppler-shifted by the moving aerosol particles. Doppler frequency Df is obtained from the difference between the frequencies of the transmitted laser pulse and the backscattered signal and directly determines the LOS wind speed. A LOS wind speed V LOS of about 1 m s À1 corresponds to a frequency shift Df of 1 MHz at the a laser wavelength l L of 2 mm (V LOS ¼ l L Á Df /2). In 2003, a one-axis scanning device was used to measure the LOS wind speed and it transmitted the laser pulse into the atmosphere at an elevation angle of 70 through a wedge prism (for more details, see Ishii et al. 2005) . Nine LOS wind speeds were measured at each 45 azimuth angle and the data were analyzed as described in Ishii et al. (2005) . The wind profiles were obtained using the velocity-azimuth display (VAD) scan (Browning and Wexler 1968) . In early 2004, we developed a two-axis scanning device and evaluated CDL performance. Both the transmitted laser pulse and backscattered signals were digi- tized at a speed of 500 MHz using 8-bit A /D converters (GAGE, CompuScope 82G). A 4096-point FFT and a 256-point FFT were used to calculate the power spectra of the laser pulse and of the backscattered signal, respectively. These points correspond to FFT frequency resolutions of 0.12 MHz and 1.95 MHz. The calculated power spectrum of the backscattered signal was also used to estimate the signal-tonoise ratio (SNR) (Ishii et al. 2005) . Three scans, the range height indicator (RHI), the Plane position indicator (PPI), and the VAD, were executed with the two-axis scanning device. The RHI scan is done by holding the azimuth angle fixed while sweeping the elevation angle and can obtain the vertical cross section of the LOS wind speed. The PPI scan is done by holding the elevation angle fixed while sweeping the azimuth angle and can obtain the horizontal cross section of the LOS wind speed. In this study, the RHI scan was done at an azimuth angle of 135 changing the elevation angle along the Mogami Valley towards the Shonai Plain. The PPI scan was done at an elevation angle of 2 , changing the azimuth angle from 275 to 315 in 5 steps. The VAD scan was executed at an elevation angle of 70 changing the azimuth angle from 0 to 360 in 45 steps. Meteorological elements measured by each automatic weather station were wind speed, wind direction, temperature, and relative humidity (Table 2) . Wind speed, wind direction, maximum instantaneous wind speed, and observed times were measured in one-second intervals by R.M. Young 05103 propeller anemometers at a height of 2.3 m at Kiyokawa, Mawadate, and Hirono, and in ten-second intervals at a height of 4.2 m at Karikawa. A Vaisala HMP35D was used to measure temperature and relative humidity at Kiyokawa, Mawadate, and Hirono, and a Vaisala 50Y was also used to measure them at Karikawa. A Vaisala PTB101B was used to measure pressure at all observation sites. The analog signals of the meteorological elements were converted to digital formats by 13-bit A /D converters and entered in a datalogger (CR10X, Campbell Science Inc.). The average pressure values for each one-hour interval and other meteorological elements for ten-minute intervals were automatically stored in the datalogger's memory. Meteorological elements were also measured at the Sakata (38.91 N, 139 .84 E, 3 m MSL) and Shinjo weather stations (38.75 N, 140 .31 E, 105 m MSL) and at the Sendai district meteorological observatory (38.26 N, 140 .90 E, 39 m MSL) (Fig. 1) .
Synoptic pattern
The synoptic pressure gradient leads to synoptic-scale wind and the local pressure field produces local-scale wind. The synoptic pressure gradient is very important for the Kiyokawa-dashi. The Kiyokawa-dashi was observed by the CDL on July 18 and August 6 and 7, 2003, and August 19, 29, and 30, 2004 . The synoptic patterns of the observed Kiyokawa-dashi could be classified into two types, Yamase event and typhoon types. The synoptic patterns of the Kiyokawa-dashi were classified into three types roughly, (a) highpressure centering on the east of Japan, (b) low-pressure centering on the Sea of Japan, and (c) low-pressure along the southern coast of Japan and a trough extending towards the Sea of Japan (Takehana 1950; Takeuchi 1986 ). Low-pressure centering on the Sea of Japan exists for all types and this played an important role in the Kiyokawa-dashi. The Yamase event corresponded to types A and the typhoon type to B. Yamase is a cold northeasterly wind that blows in the summer and sometimes causes cool-weather damage to the crops all over northern Japan (e.g., Kanno 1997 Fig. 2a) shows high-pressure centers east of the Kamchatka Peninsula extending over the Sea of Japan, and the Baiu front laying to the south of Japan. The low-pressure occurred on the Baiu front in southeastern China on July 17. The high-and low-pressure centers moved eastward on July 17 and 18. The synoptic situations resulted in both a north-south pressure gradient and an eastwest pressure gradient. The data from the Automated Meteorological Data Acquisition System (AMeDAS) provided by the Japan Meteorological Agency (JMA) indicated that winds were not necessarily easterly in the north of Honshu on July 18. Although the synoptic pattern for the typhoon type is similar to that for the Yamase event type, the typhoon type occurred under synoptic conditions with high-pressure centers on the Sea of Okhotsk, a frontal zone laying around the southern coast of Japan, and typhoon movements that had not yet become an extra tropical cyclone. As the high-pressure in the Pacific Ocean intensifies, the Baiu front usually moves northward and disappears. Since, however, the high-pressure in the Pacific Ocean did not intensify during the summer of 2004, the Baiu front did not entirely disappear. The surface synoptic chart on August 28, 2004 (Fig. 2b) shows a high-pressure center east of the Kamchatka Peninsula extending over northern Japan, Typhoon 0416 and a seasonal rain front. The high-pressure moved to the southeast on August 28 and 29. The highpressure was located to the east-northeast of northern Honshu on August 30. Typhoon 0416 and the seasonal rain front moved northward on August 28 and 29. Typhoon 0416 moved to the northeast along the west coast of Japan on August 30. The synoptic situations resulted in a gradient ranging from high-pressure in the east to low-pressure in the west. The pressure gradient between them brought warm dry winds from the southeast or south on August 29 and 30.
Results and discussion

Identification of Kiyokawa-dashi
Previous observational and theoretical studies (e.g., Aoyama 1986) have documented the characteristic mechanisms and features of the Kiyokawa-dashi: a sea level pressure difference between areas along the Pacific ocean and the Sea of Japan, strong easterly and southeasterly winds (5-> 10 m s À1 ) that cause severe wind damage, low temperature, or high temperature and low relative humidity. The Kiyokawa-dashi can be defined qualitatively to be strong easterly winds, as mentioned by Sasaki et al. (2004) . Under their qualitative definition, based on wind speed and wind direction, the sea level pressure differences P Sendai -P Sakata and P Shinjo -P Sakata between Sakata and both Sendai and Shinjo were investigated every hour during periods from the middle of July to the end of September in 2003 and the beginning of August to the beginning of September in 2004. Figures 3a and 3b show the relation between the wind direction measured at each observation site and the sea level pressure differences. The wind blew mainly from the east or southeast when sea level pressure differences between Sakata and both Sendai and Shinjo were >2 hPa and >1 hPa. Figure 3c illustrates the relation between the wind direction and wind speed in the range of P Sendai -P Sakata > 2 hPa and P Shinjo -P Sakata > 1 hPa. It shows that easterly and southeasterly winds were extracted. The plots for wind speeds of slower than 3 m s À1 were more scattered than for the wind speeds of faster than 3 m s À1 and the variances in wind direction decreased with the increase in wind speeds. Although the Kiyokawa-dashi has been considered to be a strong easterly, it was not continuously observed to be as high as the >10 m s À1 strong easterly winds that occurred during periods from the middle of July to the end of September in 2003 and the middle of August to the end of September in 2004. There are the similarities in the synoptic pattern, vertical profiles of the upper air, and easterly wind distributions over the Shonai plain between the strong and weak Kiyokawa-dashi phenomena. It is probable that the characteristic mechanisms of the weak Kiyokawa-dashi observed during the two periods were the same mechanisms as for the strong Kiyokawa-dashi. Thus, the lower bound wind speed was extended down to 3 m s À1 . Although there were differences in the locations of the observation sites, these features were the same at all sites. In this study wind with these features was defined as the Kiyokawadashi.
Wind profile measured by VAD scans
The VAD scan is used to obtain a vertical wind profile, provided that the wind fields are horizontally homogeneous. By measuring the LOS wind speeds at several azimuth angles (at least three) and a constant elevation angle, one can obtain wind vector components ðu; v; wÞ at the target altitude (Ishii et al. 2005) . Figures  4a, 4b , and 4c are examples of wind profiles measured by the CDL from 17:49 to 18:24 JST on August 6, 2003. The CDL observations indicate that the surface wind was southeasterly and that the wind shifted from easterly to westerly with increasing altitude. The CDL observed a layer where the minimum horizontal wind speed was A 0 m s À1 at an altitude of about 0.8 km. The wind profiles indicated two vertical wind shears at altitudes of less than 0.8 km and 0.8-1.8 km. Figure 4c shows both profiles of vertical wind speed measured by transmitting laser pulses vertically without the oneaxis scanning device and those measured by the VAD scan. Although the volume used by the VAD scan differed spatially and temporally from that by upward measurement, the profiles of vertical wind speeds derived from the VAD scan agreed with those obtained by upward measurement. The horizontal speed and direction of the wind obtained by the CDL generally Fig. 3 . Plot of sea level pressure differences (a) between Sendai and Sakata P Sendai -P Sakata , and (b) between Shinjo and Sakata P Shinjo -P Sakata , and (c) wind speed versus wind direction: ( a ) Kiyokawa R1, (s) Karikawa R2, (Ã) Mawadate R3, and (þ) Hirono R4.
agrees well with those measured by the windprofiler installed at the Sakata weather station. However, the horizontal wind speeds measured by the windprofiler were slower than those from the CDL at altitudes of lower than about 0.7 km. There is an apparent difference in the two profiles of the vertical wind speed. Although the vertical wind speeds measured by the wind profiler were around 0 ms À1 , the profiles obtained by the CDL indicated strong upward motions (0.5-1.1 ms À1 ) at altitudes of 0. Figs.  5a and 5b. The wind speeds at R2, R3, and R4 except for R1 on July 18 were faster than those at the Tsuruoka, Sasunabe, and Kaneyama and were as fast as wind data at the Sakata and Shinjo. On August 6, the wind speeds observed at R1, R2, and R3 were lower during the daytime and higher at night than those at the Shinjo weather station and higher than those at the other stations. The wind directions measured at the Sasunabe and Hijiori on July 18 and at the Tsuruoka, Sasunabe, Kaneyama, and Hijiori and at the Shinjo on August 6 indicated that winds were not necessarily easterly, while winds were southeasterly at R1, R2, R3, and R4. The results indicate that the Kiyokawa-dashi blew locally over the Shonai plain located on the western side of the ridge lines of Mt. Chokai and Mt. Gassan and it occurred on a spatial scale of several to 10 km. Figures 5a and 5b also show temporal crosssections of wind profiles observed by the CDL from 10:25 to 18:12 JST on July 18, 2003, and from 14:40 JST on August 6, 2003 to 2:40 JST on August 7. The interval between profiles was about ten minutes. The length of the arrows indicates horizontal wind speed, and their path indicates wind direction. The thick dotted line is the location of the layer where the horizontal wind speed was A 0 m s À1 , suggesting the existence of a critical layer. Easterly/southeasterly wind was observed below the critical layer. The height of the critical layer was almost consistent with the top of the Kiyokawa-dashi described by Sasaki et al. (2004) . Figures 5a and 5b also show the vertical wind speed (w component) in color. The red indicates upward motion, and the blue indicates downward motion. A strong easterly wind of 5 to 10 m s À1 was predominant under the critical layer and partly exceeded 10 m s À1 . The wind shifted from easterly to westerly with increasing altitude. On July 18, there was a critical layer at altitudes of 0.9-1.2 km whose altitude increased gradually with time. The CDL observations indicate that the vertical motions below the critical layer changed from downward in the morning to upward in the afternoon. On August 6, the layer was observed at altitudes of 0.8-1.1 km in the afternoon, and reached at altitudes of 0.5-0.6 km at midnight, descending gradually with time. The CDL observations revealed that the downward motions were predominant in the afternoon of August 6 and at midnight, August 7, and that strong upward streams were remarkable on the evening of August 6. The strong upward and downward motions were observed below the critical layer and did not penetrate through the layer. The variations in upward and downward motions were large below the critical layer and small above it. The observed vertical wind speed was vastly different from the speed determined by high-or lowpressure. Sasaki (personal communication, 2003) suggested that a hydraulic jump would not happen when the strong upward motion was observed by the CDL. Although the synoptic situations did not change largely on July 18 and August 6, the measured meteorological elements indicated a correlation between slight temporal changes in pressure and upward and downward motions. The upward and downward motions were observed during respective drops and rises in pressure. The changes in the local pressure field may have resulted in the vertical motions. We think that the changes indicate possibilities such as unsteadiness in atmospheric flows and phase reversal in atmospheric waves, but we cannot definitely conclude that these occurred. The explanation for easterly winds observed at R1 is that the Kiyokawa-dashi was caused by the east-west sea level pressure gradient, i.e., the gap flow (Sasaki et al. 2004 ). Sasaki et al. (2004) also pointed out other effects, such as friction near the ground and hydraulic jump, in addition to the east-west sea level pressure gradient. Hara (2002) described that the Kiyokawa-dashi is enhanced significantly by the existence of a critical layer. It is quite common in the Kiyokawa-dashi for a critical layer to exist between the upper-level westerly winds and the lower-level easterly winds. The CDL observations were consistent with the results observed by Sasaki et al. (2004) and those obtained by the numerical experiments (Hara 2002) . ). The red indicates the LOS wind speeds away from the CDL and the blue toward it. Figure 6a indicates that the LOS wind speed was almost 0 m s À1 at altitudes of about 0.5 km (Range a ), 1.8 km (Range b ), and 2.5 km (Range c ). The winds at both Range b and Range c blew nearly orthogonal to the cross section of the RHI scan as can be seen from Figs. 6c and 6d. The wind profiles measured by the VAD scan at 8:52 and 10:04 JST indicate that the wind was southeasterly at altitudes of lower than about 0.5 km, and shifted to southwesterly at higher altitudes (Fig. 6c) . Figures 6a and 6c suggest that the critical layer existed at altitudes of 0.5 to 0.6 km. Low-level high LOS wind speeds were observed up to about 8 km downstream from the Kiyokawa observation site. The depth of the layer was deeper in the Mogami Valley and became gradually shallower toward the Shonai plain side. The southeasterly wind may be affected by the topography of the steep and narrow Mogami Valley (Arakawa 1969) . Determining the depth of the layer is an important goal of the numerical simulation to be presented in Part II. The received power in the CDL measurements depends on the backscattering coefficient of the aerosol particles and the range from the CDL to the target atmosphere. The corrected power given by multiplying the squared-range is shown in Fig. 6b . Figure  6b indicates the presence of aerosol layers at altitudes of lower than 1.4 km, 1.7-2.2 km, and about 2.5 km. The corrected power was slightly low at lower altitudes towards the Mogami valley and suggested low concentrations of aerosol particles. The aerosol layers suggested that various air masses were multilayered. the Kiyokawa observation site. The CDL could not obtain LOS wind speed at locations farther than about 11 km due to the low SNR ratio. The distributions of LOS wind speeds were strong and almost steady, not only near the exit of the Mogami Valley but also over the entire Shonai plain. The Kiyokawa-dashi in Fig. 7 probably blew as a jet centered on the azimuth angle of 275
, and the LOS wind speed decreased as distance increased from the high LOS wind speed axis. The results of the highfrequency PPI scans indicate that the high LOS wind speed area moved from somewhere . The low LOS wind speed area was at the foot of the mountain, which is, as far as we know, the first such reported stagnation area. Unfortunately we do not have data to discuss the mechanisms that formed it. Although detailed discussion of the stagnation area is beyond the scope of this paper, one possibility is that it can be explained by the confluence of various air masses that emanate from the narrow Mogami Valley and from over a mountain. Another possibility is weak downward flow coming over from over the mountain, and so on. The explanation of the stagnation area needs further observations to verify these assumptions. The stagnation area is important to examining the threedimensional structure of the Kiyokawa-dashi. Although the LOS wind speeds observed by the CDL were not completely reproduced by the numerical simulations of the NHM, the calculated wind speed distributions demonstrated that the high LOS wind speed area moved from the Mogami Valley to the Shonai plain (Sasaki et al., in preparation) .
Conclusion
We made coherent Doppler lidar observations and ground-based measurements during the summers of 2003 and 2004 to examine the three-dimensional evolution and structure of Kiyokawa-dashi. We investigated the wind speed, wind direction, and sea level pressure differences between Sakata and both Sendai and Shinjo to qualitatively identify the Kiyokawa-dashi. The Kiyokawa-dashi was then extracted, indicating the following quantitative features: sea level pressures were higher at both Sendai and Shinjo than at Sakata (P Sendai -P Sakata > 2 hPa and P Shinjo -P Sakata > 1 hPa), wind direction was in a range from 90 to 135 , and wind speed was >3 m s À1 . Part I mainly describes the measurements with the coherent Doppler lidar. The development of the new two-axis scanning device made various scans (PPI, RHI, and VAD) possible. Time variations in the detailed horizontal and vertical cross-sections of the Kiyokawadashi were observed by the coherent Doppler lidar with good spatial and temporal resolution. It was able to measure line-of-sight wind speeds in a range of up to 8-10 km, although the range limit depended on the signal-to-noise ratio due to the atmospheric conditions.
The coherent Doppler lidar observations indicate that there was a critical layer at altitudes of 0.5-1.2 km. Strong easterly or southeasterly winds were confined below the critical layer and extended about 10 km downstream of the Mogami Valley. Strong upward and downward motions under the critical layer were indicated in the temporal cross section of the vertical wind speeds derived from the VAD scan. The variations in these motions were larger below the critical layer. The coherent Doppler lidar observations support the results described by Hara (2002) and Sasaki et al. (2004) . The critical layer is a common phenomenon due to the lower-level easterly winds and the upper-level westerly winds when the Kiyokawa-dashi blows. The role of the critical layer is an important key to study the evolution mechanics of the Kiyokawa-dashi. The high-frequency PPI scans of the coherent Doppler lidar revealed that line-of-sight wind speeds were high not only near the end of the Mogami Valley but also over the entire Shonai plain. The horizontal distributions of the line-of-sight wind speeds were almost steady. The existence of transient disturbances was also indicated. The coherent Doppler lidar observations indicate steady and unsteady atmospheric flows over the Shonai plain. Investigations into the atmospheric flows are important to understanding the spatial structure of the Kiyokawa-dashi. The coherent Doppler lidar is a useful tool for observing local and mesoscale wind fields. Since the line-ofsight wind speed measured produces 0 m s À1 when the wind direction is orthogonal to the radial direction, the value of the line-of-sight wind speed should be examined carefully when discussing the altitude of the critical layer. To enable reliable and detailed discussions on local and mesoscale wind fields, it is better to conduct a combination of various scan patterns, such as RHI and/or PPI and VAD scans, and RHI scans at several azimuth angles, than to do only one scan at one constant azimuth or elevation angle.
Because the numerical prediction of severe local wind is of great concern to us, we should examine the performance of numerical models and make efforts to improve them. In Part II, a high-resolution numerical experiment will be carried out for the same phenomena as observed here and intensively validated with observed characteristic features.
